Vb-AphaS-CL131 is a novel cyanosiphovirus that infects harmful Aphanizomenon flos-aquae. This cyanophage has an isometric head, 97 nm in diameter and a long, flexible non-contractile tail, 361 nm long. With a genome size of ∼120 kb, it is the second largest cyanosiphovirus isolated to date. The latent period was estimated to be ∼36 h and a single infected cell produces, on average, 218 infectious cyanophages. Cyanophage infection significantly suppresses host biomass production and alters population phenotype.
formation by this cyanobacterium (Boyer, Rollwagen-Bollens and Bollens 2011; Tillmanns, Burton and Pick 2011) . By contrast, the potential of cyanobacteria to form extensive blooms may be significantly suppressed by the presence of viruses (Brussaard, Kuipers and Veldhuis 2005) . Viral lysis also plays a key role in the termination of bloom formation by filamentous cyanobacteria in eutrophic ecosystems (Coulombe and Robinson 1981; Simis et al., 2005) . Nevertheless, little is known about the cyanophages that infect and lyse bloom-forming cyanobacteria of the genus Aphanizomenon.
To the best of our knowledge, only two studies of cyanophages that infect A. flos-aquae have been reported to date. Granhall (1972) observed podovirus-like particles attached to cells of A. flos-aquae sampled from Lake Erken (Sweden) during its late stage of bloom. This author also showed that the presence of A. flos-aquae in the lake diminished considerably with an increase in the number of infectious units (Granhall 1972) . Similarly, Coulombe and Robinson (1981) found virus-like particles in thin sections of A. flos-aquae colonies collected from two eutrophic lakes in Canada. Both studies revealed that the cyanophage possessed an icosahedral capsid of ∼50-60 nm diameter and a short tail of ∼30 nm in length (Granhall 1972; Coulombe and Robinson 1981) . Although the morphology of this cyanophage has previously been described in detail, together with certain aspects of its maturation within host cells of A. flos-aquae, attempts to propagate the virus under laboratory conditions were unsuccessful. Therefore, the aim of the present study is to isolate and characterize the cyanophage that infects and lyses the cyanobacterium A. flos-aquae.
Aphanizomenon flos-aquae was isolated from the Curonian Lagoon (N 55
• 30 , E 21
• 15 ) during the bloom conditions in 2012.
Taxonomic identification of host strain was performed combining multi-locus sequence and morphological analyses (Rajaniemi et al., 2005) . The phylogenetic trees for 16S rRNA, hetR and phycocyanin locus are presented in Figs SI 1-3 (Supporting Information), respectively. Morphological analysis of host strain was done at the time of isolation (Komárek 2013 ) and phenotypic changes, including cell and filament morphology, were tracked over the course of cultivation ( Fig. SI 4 , Supporting Information). The 16S rRNA gene sequence (∼1400 bp) of A. flos-aquae has been deposited in the GenBank database under the accession no. KM363406. Water samples (20 L) for cyanophage isolation were taken from the Curonian Lagoon, filtered through polycarbonate filters of pore diameter 0.2 μm (Nuclepore, Whatman) and concentrated ×2000 times using a tangential flow filtration system (100 000 kDa PES filters, Sartorius). The A. flos-aquae-infecting cyanophage vb-AphaS-CL131 (hereafter referred to as CL131) was isolated by liquid bioassay as described by Middelboe, Chan and Bertelsen (2010) . Serial 10-fold dilutions (10 −1 -10 −10 ) of the sample (50 μL) were inoculated with an exponentially growing culture of A. flos-aquae (200 μL, ∼5 × 10 6 cells mL −1 ) in a 96-well plate and incubated at 22
• C until lysis occurred (5-7 days). No sample was added to control wells. Clonal isolation of CL131 was achieved after five cycles of the extinction dilution procedure (Wilson et al., 1993) . In order to confirm the infection of A. flos-aquae by the cyanophage CL131, ultrathin sections of A. flos-aquae cells (48 h post-infection) (Fig. SI 5 , Supporting Information) were prepared as described by Glauert and Lewis (1998) with few modifications. Briefly, cells for thin sections were collected by centrifugation at 5000× g for 10 min and fixed with Karnovsky's fixative [2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2)] for 24 h (at +4
• C). Post-fixation with 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2) for 1 h (at +4 • C) was followed by washing with 0. (Luft 1961 ) using benzyldimethylamine instead of DMP-30 as an accelerator (Glauert and Lewis 1998) . Ultrathin sections (∼70 nm thickness) were stained with a mixture of lead salts according to Sato (1968) . Lysate purification was performed by subjecting a high titre of cyanophage lysates (∼10 11 infectious units mL −1 ) to ceasium chloride (CsCl 2 ) density gradient centrifugation, as described by Carlson and Miller (1994) with some modifications. The cyanophage suspension was carefully applied on the top of CsCl 2 step gradient (densities: 1.1, 0.9, 0.7 and 0.5 g mL −1 ) and centrifuged in a Spinco SW39 rotor for 3 h at 24 000 rpm, 4
• C. Pulsed field gel electrophoresis (PFGE) of cyanophage DNA was performed as described in Kalinienė, Klausa and Truncaitė (2010) with few modifications. Aliquots of phage suspension (∼10 11 PFU mL −1 ) were incubated with proteinase K overnight, mixed with 1.2% agarose of low melting-point and loaded onto a 1.2% agarose gel. PFGE was performed for 24 h at 6 V cm −1 and 8 o C with a pulse time of 7 s with 4 h run time, 10 s (5 h), 15 s (5 h), 17 s (5 h) and 20 s (5 h) using the Gene Navigator system (Pharmacia Biotech). The gel was stained for 30 min with ethidium bromide (0.5 μg mL −1 ) and visualized on a UV box.
Transmission electron micrographs showed that CL131 belongs to the family Siphoviridae (C1 morphotype) ( Fig. 1 ) and is composed of an isometric head some 97.0 nm (±4.7 nm) in diameter and a long, flexible non-contractile tail, 361.1 nm (±8.9 nm) long and 11.0 nm (±2.7 nm) wide. The estimated genome size of CL131 cyanophage is ∼120 kb (Fig. SI 6 , Supporting Information). The average genome size of siphoviruses is 57 kb (Dwivedi et al., 2013) , which makes CL131 one of the largest cyanosiphoviruses ever reported (Huang et al., 2012) . According to the NCBI database (2014-12-06; http://www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi? taxid=10699), to date, only one larger cyanosiphovirus has been reported to infect Synechococcus strain WH7803, having a genome size of 208 kb. Sullivan et al. (2009) have reported a cyanophage with an elongated capsid (75 × 140 nm; C3 morphotype) and a genome size of 108 kb that infects Prochlorococcus strain MIT9313. Large capsid size diameter cyanosiphoviruses have also been reported for viruses that infect the filamentous cyanobacterium Nodularia spumigena, which occurs abundantly in the Baltic Sea (Jenkins and Hayes 2006) .
Infection experiments were performed to determine cyanophage life cycle. Exponentially growing A. flos-aquae (∼3.5 × 10 6 cells mL −1 ) culture was inoculated with CL131 (∼3.3 × 10 6 infectious units mL −1 ) at a multiplicity of infection (MOI) of ∼0.94. The control culture received no inoculation of CL131 suspension. Although the effect of initial MOI and the actual abundance of cyanophages and host cells on infection efficiency of CL131 have not been tested in this study, it is possible that the observed virus latent period and burst size could have been influenced by the starting experimental conditions (Miralles et al., 2001) . For instance, Bratbak et al. (1998) showed that lysis rate of Phaeocystis pouchetii increased significantly under conditions of relatively high initial MOI (4.0). The authors also proposed that low initial MOI (0.01) could result in overestimated burst sizes as uninfected cells continue to proliferate during incubation experiments (Bratbak et al., 1998) . Contrary to these observations, Yoshida et al. (2006) found only very small declines in cell abundance over the time course of Microcystis aeruginosa infection by lytic cyanophage Ma-LMM01 at initial MOI > 2. This could be explained by host cell lysogenization in response to multiple co-infections at MOI greater than 1 (Paul and Jiang 2001; Gama et al., 2013) . The infection of M. aeruginosa with the same cyanophage at lower initial MOI (0.72-0.92) resulted in shorter latent periods and higher burst sizes (Yoshida et al., 2006) . However, Brussaard et al. (2004) found no differences between latent period, lysis timing and burst size of a virus that infected Micromonas pusilla under conditions of different initial MOI (1.0 vs 0.03).
Collectively, these studies suggest that the effect of initial MOI on the infection process is specific to the particular virus-host system. In this study, we used initial MOI of ∼1 to minimize host cell infection by more than one phage (Yoshida et al., 2006; Hyman and Abedon 2009) and to ensure that most of the cells will be infected in only one step (Brussaard et al., 2004) . Thus, under the given conditions the estimated infection cycle of CL131 was ∼36 h (Fig. SI 9 , Supporting Information) and the cyanophage produced, on average, 218 infectious units cell −1 (Fig. SI 7 , Supporting Information). A relatively long infection period is a general characteristic of most siphoviruses (Dwivedi et al., 2013) and has been reported for other cyanophages that infect filamentous cyanobacteria of the genera Anabaena and Planktothrix (Franche 1987; Gao et al., 2009) . We also tested the sensitivity of CL131 to UVB radiation (280-320 nm) by subjecting phage suspensions to UVB intensities (using Philips TL 20W/12) of 0.02 and 0.06 mW cm −2 (Fig. SI 8, Supporting Information). These intensities correspond to those typically recorded in the surface water layer of temperate eutrophic ecosystems (Jacquet and Bratbak 2003; Liao et al., 2010) . Non-irradiated cyanophage suspension was used as a control (Fig. SI 8 , Supporting Information). Estimated decay rates of 0.35 and 0.50 h −1 , at 0.02 and 0.06 mW cm −2 , respectively, for CL131 infectivity are within the range recorded for other aquatic cyano-and bacteriophages (Jeffrey, Kase and Wilhelm 2005) . Solar radiation is amongst the most important factors determining cyanophage infection process, life cycle and persistence of the virion in the environment (Clokie and Mann 2006) . The sensitivity of viruses to UVB radiation varies by an order of magnitude. For example, Cheng et al. (2007) examined the loss of cyanopodovirus PP infectivity induced by solar UVB radiation in the field study of Lake Donghu (China) and found that cyanophage decay rates vary from 1.68 to 2.25 h −1 under the UVB (320 nm) intensity of 0.02-0.06 mW cm −2 . Similar findings were reported by Liao et al. (2010) , where the cyanophage PP decayed rapidly (up 99.99% of total infectivity) within one hour of exposure to UVB radiation at the intensity of 0.01-0.06 mW cm −2 . However, other researchers, similar to observations of the present study, reported much lower decay rates of cyanophages infectivity (0.3-0.8 h −1 ) under exposure to the full sunlight conditions (Suttle and Chen 1992; Wommack et al., 1996; Garza and Suttle 1998) . Recent work by Traving, Clokie and Middelboe (2014) has shown that loss rate of T4-like cyanophage S-PM2 infectivity could be as low as 0.01 h −1 under conditions of low irradiance. It still remains unclear what properties of a virus determine its sensitivity to UV radiation. Kellogg and Paul (2002) proposed that decay rates of viruses might be associated with G + C content of their genomes. While Jacquet and Bratbak (2003) found no correlation between virus morphology, capsid and genome size and virus sensitivity to UVB radiation. However, lower decay rates of CL131 infectivity could be expected in natural aquatic ecosystems, because of highly variable solar radiation both on diel and daily scales (Heldal and Bratbak 1991; Suttle and Chen 1992) . The observed decay rates of A. flos-aquae cyanophage suggest that in order to maintain ∼10 5 infectious units of CL131 in 1 mL of water, where A. flos-aquae occur at concentration of ∼1.10 × 10 8 cells L −1 (Ploug et al., 2010) , ∼3.5-5.0%
of A. flos-aquae cells have to be lysed per day.
Heat stability of CL131 was tested for temperatures ranging from 20 to 60
• C in increments of 5 • C (Fig. SI 8 Baudoux and Brussaard 2005) . Therefore, CL131 can be considered a temperature-tolerant cyanophage. Analysis for host range showed that CL131 was able to lyse only those A. flos-aquae strains isolated from the Curonian Lagoon, but failed to infect other cyanobacterial strains of the genera Aphanizomenon, Anabaena, Microcystis, Planktothrix and Chroococcus (SI Table 1 , Supporting Information). This indicates that the infectivity of CL131 might be limited to the specific strains or geographically, and this agrees with other reported studies, thus demonstrating that siphoviruses have a relatively narrow host range (Sullivan, Waterbury and Chisholm 2003; Wang and Chen 2008) . Host specificity of cyanosiphoviruses has significant implications for their life cycles and their ability to infect host cells (Sullivan et al., 2003 (Sullivan et al., , 2009 . Whereas reduced host availability may promote lysogenic conversion (McDaniel et al., 2002) , it is generally assumed that most siphoviruses, in their natural aquatic environments, are temperate (Dwivedi et al., 2013) . Although not tested for in this particular case, previous studies were unable to prove the occurrence of prophages in A. flos-aquae isolates derived from the Curonian Lagoon (Šulčius et al., 2014) . Cyanosiphoviruses lacking genes necessary for phage integration into the host genome have recently been reported (Ponsero et al., 2013) .
Although in uninfected cultures A. flos-aquae exists as solitary filaments consisting mostly of vegetative cells, several heterocysts and akinetes (Suikkanen et al., 2010) , filaments that have undergone lysis following viral infection, fragment to form free akinetes and shorter lengths of filament (Fig. SI 9 , Supporting Information). Such major changes to the phenotype were previously reported for cultures of Planktothrix, Trichodesmium and Cylindrospermopsis that had been infected and lysed by cyanophages (Hewson et al., 2004; Gao et al., 2009; Pollard and Young 2010) . During a five-day experiment, the mean filament length of A. flos-aquae decreased by 58.3% [from 135.7 μm (±9.1 μm) to 56.5 μm (±4.6 μm)]. Filament fragmentation occurred periodically about every 36 h (Fig. SI 9 , Supporting Information) and was followed by an increase in the number of filaments (Fig. SI 9, Supporting Information) . No significant differences in akinete abundance were observed between infected and control cultures (data not shown), indicating that these cells are resistant to viral infection (Singh and Singh 1967) .
The growth rate of infected A. flos-aquae (0.008 ± 0.0004 h −1 ) was significantly suppressed if compared to the control cultures (0.02 ± 0.002 h −1 ) already at the beginning of the infection (Fig. SI 9, Supporting Information). Such differences in the growth rates between infected and non-infected A. flos-aquae cells could be explained by the virus-mediated changes in regulation of host cell metabolism (Rosenwasser et al., 2014) . For instance, Liu et al. (2011) demonstrated that lytic virus that infects Emiliania huxleyi was able to postpone cell entry into mitotic phase, and hence resulting in lower rate of cell division. However, although the growth rate of A. flos-aquae decreased in the infected culture, a decline in the number of cells and biomass of A. flos-aquae was not observed until 108 h post-infection (Fig. SI 9 , Supporting Information). Such a delay to changes in the abundance of hosts subjected to viral lysis was also observed for other virus-host systems (Thyrhaug et al., 2002) , and can be explained in terms of greater host growth rate compared with cyanophage lysis rate (Jacquet and Bratbak 2003) or by the differences between initial (viruses added per host cell) and actual (viruses adsorbed per host cell) MOI in infection experiments (Hyman and Abedon 2009) . The calculated lysis rate of A. flos-aquae cells for the first 108 h post-infection was about 0.0001 h −1 , indicating that only 1 out of 100 of newly produced cells were lysed during this period.
The differences between initial MOI and actual MOI may require several lytic events to ensure that most of the host cells will be infected by cyanophage (Brown and Bidle 2014) . As can be seen from the No complete lysis of A. flos-aquae was observed following 14 days incubation with CL131 (data not shown). Therefore, although the presence of CL131 inhibited the accumulation of biomass in A. flos-aquae, we speculate that resistance to cyanophage infection may be present or develop in A. flosaquae populations. Randomly sampled A. flos-aquae fragments and akinetes were able to regenerate to form viable cultures following their re-isolation into fresh media. The regrown isolates were insensitive to CL131 addition and showed no signs of cell lysis independently of number of added viruses (data not shown). Although no obvious differences in filament morphology between sensitive and resistant strains were observed, more detailed studies are needed to elucidate the effect of resistance to cyanophage infection on host physiology and growth.
In summary, this study documents the isolation of A flosaquae-infecting cyanophage, describes general properties of the CL131 virus and provides insights into host infection dynamics. The cyanophage-host system is available at the Laboratory of Algology and Microbial Ecology of Nature Research Centre (Lithuania). Further studies are needed to understand the interactions between the CL131 cyanophage and A. flos-aquae in natural environment. (Preußel et al., 2006) , but lost its characteristic morphology over the years of cultivation (Stüken et al., 2009 
